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Directional Cues in the Zebrafish Brain
John P. Kanki1 and John Y. Kuwada2
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The distribution of cues that provide directional information for specific growth cones in the zebrafish brain was
functionally assayed by transplanting epiphysial neurons to ectopic locations in the embryonic brain followed by
determining the pathways taken by the donor axons. Epiphysial axons normally first extend ventrally from their position
in the dorsal diencephalon and then turn and extend anteriorly in the ventral diencephalon. When transplanted to ectopic
sites at other axial levels of the brain, where in principle the axons could extend in any direction, epiphysial axons
consistently extended ventrally. Furthermore, following initial ventral extension ectopic epiphysial axons turned randomly
in the anterior and posterior directions. These results suggest that the cues for ventral extension are widely distributed along
the rostrocaudal axis of the zebrafish brain, but the cues for subsequent anterior extension are restricted to the site where
the epiphysial axons normally turn longitudinally. © 2000 Academic Press
Key Words: zebrafish; growth cone; epiphysis; brain; netrin; semaphorin.INTRODUCTION
One of the fundamental questions in developmental
neurobiology is how growth cones are guided along specific
pathways to their targets. Recently, a variety of guidance
molecules, including netrins, have been intensively ana-
lyzed (Tessier-Lavigne and Goodman, 1996; Culotti and
Kolodkin, 1996). Netrins are secreted proteins that can
attract or repel the growth cones of specific classes of
neurons. The action of vertebrate netrins has been best
examined in the mammalian spinal cord, where it is re-
quired for normal extension of commissural growth cones
to the floor plate located at the ventral midline (Serafini et
al., 1996). Interestingly, netrin is expressed by cells in the
ventral CNS throughout its entire length and can attract a
variety of axons at various locations along the anterior/
posterior axis (Kennedy et al., 1994; Serafini et al., 1996;
Shirasaki et al., 1996; de la Torre et al., 1997; Lauderdale et
al., 1997; Strahle et al., 1997). This widespread distribution
of netrin suggests that some directional cues for growth
cones are widely distributed within the embryo. Here we
functionally examined the distribution of directional cues
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364for the growth cones of a specific group of neurons in the
embryonic zebrafish by determining their pattern of out-
growth following transplantation into ectopic sites within
the CNS.
The zebrafish is an attractive vertebrate system for the
analysis of early neural development in vivo (Kimmel,
1989). The zebrafish embryo develops rapidly and is trans-
parent which allows the visualization of single identified
neurons as they project their axons toward their targets
(Eisen et al., 1986; Kuwada, 1992). By 28 h postfertilization
(hpf) a relatively small group of neurons has established a
simple orthogonal network of stereotyped axonal tracts in
both the brain and the spinal cord (Chitnis et al., 1990;
Wilson et al., 1990; Kuwada et al., 1990; Wilson and Easter,
1991). The epiphysial neurons are one of these groups of
neurons and their axons first extend ventrally then anteri-
orly within the brain. The stereotyped location of these
neurons at the base of the epiphysis, or pineal, and the
simplicity of their pathway facilitated the in vivo examina-
tion of the directional cues that guide the epiphysial growth
cones.
In order to determine the distribution of directional cues
used by the epiphysial growth cones, they were trans-
planted to ectopic regions in the brain and allowed to
extend axons. The results suggest that the directional cues
used by epiphysial growth cones to extend ventrally are
available along the anterior/posterior axis of the zebrafish
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365Directional Cues for Growth Conesbrain beyond the region of their normal pathway. However,
the directional cues responsible for the subsequent anterior
extension of epiphysial axons may be localized to the region
of the diencephalon where they normally turn. Thus, it
appears that the extrinsic cues responsible for specific
components of the axonal pathways are separable and that
the distinct directionality cues are differentially distributed
within the embryonic brain.
MATERIALS AND METHODS
Animals. Zebrafish embryos were collected from a laboratory
breeding colony, maintained at 28.5°C, and staged as previously
described (Kimmel et al., 1995; Westerfield, 1995).
Transplantation of epiphysial neurons. Donor embryos at the
one cell stage were injected with caged FITC-conjugated dextran or
TRITC-conjugated dextran and allowed to develop to 20–22 hpf at
28.5°C. Labeled epiphysial neurons were transplanted to various
regions of the brain in unlabeled host embryos (20–22 hpf) using
the method described in Eisen (1991). Briefly, donor and host
embryos at the same stage as dictated by hpf were immobilized in
agar on a microscope slide and visualized with a Zeiss compound
microscope. The donor and host embryos came from a common
spawn and the embryos were collected as previously described
(Westerfield, 1995). Under these conditions embryos develop fairly
synchronously with the range of development being approximately
630 min. Under visual control, the labeled, donor cells from the
base of the epiphysis that includes epiphysial neurons and neigh-
boring nonneuronal cells were gently drawn up by suction into a
beveled microcapillary tube and transplanted into the brain of the
host embryo by expelling them from the microcapillary tube. The
host embryos were allowed to develop further for periods of time
ranging from 4–18 h at 28.5°C. Generally, from 6 to 12 cells were
transplanted. Since the epiphysis contains 3–6 epiphysial neurons,
approximately as many photoreceptors, and many more nonneuro-
nal cells (possibly glia) at these stages, the epiphysial neurons make
up a minority of cells in the epiphysis region. Therefore, it is likely
that most of the 6–12 donor cells were not epiphysial neurons. In
accordance with this, 1–3 donor cells extended axons in our
transplants. Since some donor photoreceptors may be expected to
project short processes, only those donor cells extending axons for
distances greater than or equal to 30 mm (three to four times the
ell diameter) were scored as epiphysial neurons. This distance
oughly corresponds to the distance an axon would have to travel to
xtend beyond the epiphysial boundary.
Immunohistochemistry and RNA in situ hybridization. The
ransplanted neurons and their axons were visualized by their
uorescence after uncaging by brief exposure to UV illumination
nd by labeling them with antibodies directed against FITC–
extran followed by biotinylated secondary antibodies and subse-
uent incubations with streptavidin–HRP and diaminobenzidene
ubstrate. Embryos were double labeled for host axons and donor
piphysial axons by using anti-FITC–dextran for the donor axons
nd a MAb against acetylated a-tubulin (Piperno and Fuller, 1985)
o detect host axons. In these experiments secondary antibodies
onjugated to alkaline phosphatase were used for labeling host
xons blue to distinguish them from the donor axons labeled
rown. In situ RNA hybridization for detecting islet-1 RNA were
onducted as previously described (Westerfield, 1995).
Copyright © 2000 by Academic Press. All rightRESULTS
Transplanted Epiphysial Neurons Develop
Normally
At 20 hpf the epiphysial neurons are located in bilateral
clusters just lateral to the base of the epiphysis which is
located at the dorsal midline of the diencephalon (Chitnis et
al., 1990; Wilson and Easter, 1991). Each cluster contains
3–6 neurons, and the neurons first project axons at this
stage. Their growth cones extend ventrally along the super-
ficial surface of the diencephalon to establish the dorsoven-
tral diencephalic tract (DVDT), and then turn anteriorly
onto the tract of the postoptic commissure, the major
longitudinal tract in the early brain (Fig. 1). At about the
same time, the posterior commissure (PC) forms posterior
to the epiphysis by the combined extension of axons dor-
sally from anterior tegmental neurons and ventrally from
the nucleus of the posterior commissure, which is located
in a dorsolateral position near the border of the forebrain
and midbrain (Chitnis et al., 1990).
Epiphysial neurons can be transplanted from FITC–
dextran-labeled donor embryos to unlabeled host embryos
at about the time the first epiphysial axons are being
projected (20–22 hpf; Fig. 2A). Following further develop-
ment (4–6 h), some of the donor cells (1–3 per transplant),
which presumably are the epiphysial neurons, extended
axons both in their normal position and in ectopic locations
(Fig. 2B). The other donor cells did not project axons and are
likely to be either epiphysial neurons that failed to project
axons, photoreceptor cells, or neighboring nonneuronal
cells from the region of the epiphysis that would be ex-
pected to be picked up by the transplantation pipette along
with the epiphysial neurons. Since the epiphysis contains
photoreceptors and many nonneuronal cells, possibly glia,
in addition to the 3–6 epiphysial neurons, it is likely that
most of the 6–12 donor cells that were transplanted were
not epiphysial cells. Four to 6 h following isochronic
transplantation of labeled epiphysial cells to their normal
location within the base of the epiphysis of host embryos,
all the donor epiphysial neurons had axons that projected
from the ventral side of the cell bodies and extended along
their normal ventrally directed pathway into the ventral
diencephalon (Fig. 3A; n 5 15). When the transplanted
epiphysial neurons were allowed to develop for longer
periods (18 h) the donor axons (n 5 20) extended ventrally
and then longitudinally. Of these 80% had axons that
turned anteriorly in the ventral diencephalon as epiphysial
axons normally do, while 20% turned posteriorly (not
shown). Thus the behavior of donor epiphysial axons along
their longitudinal pathway is nonrandom and shows a
strong preference for turning anteriorly following ventral
extension. We do not know why 20% turned posteriorly,
but it is possible that these donor cells or their hosts were
damaged during the transplantation. Since 100% extended
ventrally, it is possible that mechanisms for ventral exten-
sion may be more resistant to experimental damage com-
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366 Kanki and Kuwadapared with longitudinal extension for these cells. Neverthe-
less, these results indicated that for the most part the
transplantation process does not damage the donor neurons
nor unduly disturb the cues necessary for normal pathway
selection within the host embryo.
Ventral Directional Cues for Epiphysial Axons Are
Not Limited to the Normal DVDT Pathway
Epiphysial neurons were transplanted to ectopic regions
in the brain (40 into the tectum and 3 into the diencephalon
FIG. 1. Epiphysial neurons are located in an accessible site. (A) D
neurons are located at the base of the epiphysis. Anterior is up. A
piphysial axons on each side of the epiphysis (Ep), which is lo
orsoventral diencephalic tract (DVDT). Posterior to the DVDT is
cale is 50 mm. (B) Schematic diagram illustrating the rationale of t
of epiphysial neurons extend from the epiphysis (large circle at th
diencephalon. The axons then turn anteriorly into the tract of th
(anterior cluster of circles) in the anterior and ventral diencephalon
in the anterior tegmentum (cluster of circles just medial to the
ectopically transplanted epiphysial neurons and some of the possib
diagram illustrating the rationale of the transplantation experimen
up.outside of the epiphysial region) at 20–22 hpf and assayed
for the direction of axon outgrowth 4–6 h later. The
l
a
Copyright © 2000 by Academic Press. All rightransplanted neurons were placed into sites devoid of any
bvious physical barriers that might block axons. In their
ctopic locations 93% of the epiphysial axons (n 5 43)
rojected out from the ventral side of the cell bodies and
xtended ventrally (Figs. 2B and 3B). The overwhelming
ajority of these extended straight ventrally but several
xtended ventral anteriorly or ventral posteriorly. In some
ases the donor epiphysial neurons were transplanted at or
ear the dorsal midline of the tectum, but in most cases
hey were placed into regions away from the dorsal midline
learly making dorsal extension as well as ventral and
l view of the head of a 28 hpf embryo showing that the epiphysial
were labeled with an antibody against acetylated a-tubulin. The
at the dorsal midline, run laterally and ventrally to form the
osterior commissure (PC) that runs just anterior to the tectum (T).
ansplantation experiments on a dorsal view of the embryo. Axons
dline) to pioneer the DVDT that extends along the surface of the
stoptic commissure (TPOC). The TPOC is pioneered by neurons
e PC is pioneered by dorsally directed axons from neurons located
s). The black circles with arrows and question marks represent
rections that their axons could extend in the brain. (C) Schematic
a lateral view of the embryo. Anterior is to the right and dorsal isorsa
xons
cated
the p
he tr
e mi
e po
. Th
eye
le diongitudinal extension possible. Thus, donor epiphysial
xons extended in the ventral direction from ectopic posi-
s of reproduction in any form reserved.
t
l
a
t
o
a
v
s
deno
i
367Directional Cues for Growth Conestions in the brain. These results indicate that the extrinsic
directional cues used by epiphysial axons for ventral exten-
sion are not restricted to the region of the DVDT, but
instead are available in the tectum and perhaps elsewhere
in the brain.
Epiphysial Neurons Extend Axons Ventrally in the
Region of the Posterior Commissure
In 3 of 43 cases dorsal extension was observed to occur, at
least for a part of their axonal trajectories (Fig. 3B). In two of
these cases, epiphysial neurons extended axons in the
dorsal direction within the region of the PC. Since the PC
contains many axons which extend dorsally to the dorsal
midline (Chitnis et al., 1990), we examined whether neu-
rons transplanted in this region had a greater tendency to
extend dorsally, possibly using the cues followed by the
host PC axons or the PC axons themselves. Epiphysial
neurons were transplanted to sites along the PC at a time
when the PC is forming (20–22 hpf) and then examined 6 h
later. The embryos were double labeled with an antibody
against FITC–dextran to detect donor axons and an anti-
body against acetylated a-tubulin to label the host PC
axons. In these experiments, all of the donor axons ex-
tended ventrally along the PC (n 5 16; Fig. 4); none
extended dorsally despite their being in close proximity to
FIG. 2. Epiphysial neurons extend axons ventrally when transp
FITC–dextran-labeled donor (left) and a live, unlabeled host (rig
isochronically transplanted at 20 hpf. Inset shows an enlargement o
A dorsal view of the tectum in another 24 hpf embryo showing tha
when transplanted into the tectum 4 h earlier. Here all donor
FITC–dextran. Many of the transplanted cells (some marked with a
that were transplanted along with the epiphysial cells. Arrowheads
n A and 30 mm in B.the PC. Thus, 16/19 donor axons transplanted to the region
of the PC extended ventrally suggesting that epiphysial
fi
e
Copyright © 2000 by Academic Press. All rightgrowth cones do not respond to PC cues and that their
directional cues are quite specific. Furthermore, these re-
sults rule out the possibility that a nonselective barrier to
dorsal extension forces the ectopic epiphysial axons to
extend ventrally since at this site many PC axons extend
dorsally and cross the dorsal midline.
Anterior Directional Cues for Epiphysial Axons
May Be Limited to Their Normal Choice Point
Epiphysial neurons were also transplanted to the tectum
at 20–22 hpf to assay the distribution of cues that can direct
epiphysial axons anteriorly following ventral extension. In
these cases the donor neurons were allowed to develop for
longer periods of time (18 h) within the tectum of host
embryos to see if they would turn longitudinally. Consis-
tent with the earlier results, 95% of donor epiphysial axons
(n 5 58) initially extended ventrally (data not shown). Of
he axons that initially extended ventrally, all extended
ongitudinally but were just as likely to project posteriorly
s anteriorly, and in some cases they bifurcated and ex-
ended in both directions (Table 1; Fig. 5). Recall that
rthotopically transplanted epiphysial neurons extended
xons that turned anterior in 80% of cases after extending
entrally suggesting that donor epiphysial axons can re-
pond to anterior cues in the host diencephalon. The
d to ectopic sites in the brain. (A) Micrograph showing a live,
mbryo at 24 hpf in which epiphysial neurons (arrow) had been
labeled transplanted cells. Anterior is up; T marks the tectum. (B)
hysial neurons project growth cones (arrow) that extend ventrally
are marked brown by labeling them with an antibody against
terisk) that do not extend axons are presumably nonneuronal cells
te the dorsal midline of the tectum and E the eye. Scale is 150 mmlante
ht) e
f the
t epip
cells
n asnding that donor axons showed no preference for anterior
xtension in the host tectum suggests that the tectum does
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368 Kanki and Kuwadanot contain cues that can consistently guide epiphysial
axons anteriorly.
The Transplantation of Epiphysial Neurons Is
Unlikely to Alter Their Developmental Fate
The interpretation of the transplantation results has
assumed that the donor cells do not change their fates in
their new environment. For example, it is possible that the
donor cells may have adopted a tectal neuronal fate when
transplanted into the host tectum. Ventral extension of the
donor-derived axons would be expected if this were to
happen since the early tectal cells normally extend ven-
trally (Chitnis et al., 1990). Several observations argue
against this possibility. First, the donor cells were trans-
planted at about the time epiphysial neurons are projecting
their growth cones. Both in zebrafish and grasshopper
FIG. 3. Donor epiphysial project axons extend ventrally when tr
embryos. (A) Schematic diagram summarizing the pathways follow
the epiphysis (large circle at the midline). Each donor neuron is
summarizing the pathways followed by donor epiphysial axons w
extending axons ventrally, ventral–anteriorly, or ventral–posteriorly
are designated by open circles. The posterior commissure is designembryos, neurons are committed to their specific fates by
the time they begin to project axons (Eisen, 1991; Kuwada
c
a
Copyright © 2000 by Academic Press. All rightnd Goodman, 1985). Second, since tectal neurons normally
xtend axons posteriorly after extending ventrally (Chitnis
t al., 1990), the randomness of anterior versus posterior
xtension of the transplanted epiphysial neurons following
entral extension (see above) does not support their adopt-
ng tectal fates.
To test whether donor cells change fates following trans-
lantation into ectopic locations, the expression of a gene
ypical of epiphysial neurons was assayed. Epiphysial neu-
ons were transplanted from 20–22 hpf donors into the
ectum of 20–22 hpf hosts and allowed to develop for 2–4 h
ithin the host embryo. They were then assayed for the
xpression of islet-1, which is normally expressed by epi-
hysial but not tectal neurons before 30 hpf (Korzh et al.,
993; Inoue et al., 1994), by in situ hybridization. Islet-1
as expressed by a number of the transplanted cells (Fig. 6).
ot all the donor cells expressed islet-1 presumably, be-
anted into their normal or into ectopic locations in brain of host
epiphysial axons when transplanted orthotopically to the base of
nated by a circle and axon by an arrow. (B) Schematic diagram
transplanted into ectopic sites in the host brain. Donor neurons
designated by dark circles. Donor neurons extending axons dorsally
by the large gray arrows.anspl
ed by
desig
henause not all transplanted epiphysial cells are neurons (see
bove). These experiments suggest that epiphysial neurons
s of reproduction in any form reserved.
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369Directional Cues for Growth Conesdo not change their fates when transplanted into the tec-
tum. Thus, the axon trajectories exhibited by these neurons
are likely to reflect the responses of epiphysial growth
cones to the differences in directional cues localized within
distinct regions of the brain.
Ventral Directional Cues Are Present in Cyclops
Embryos
Transplantation of epiphysial neurons to ectopic sites
suggest that cues that can direct growth cones ventrally are
widely distributed in the brain. Since the ventral midline
FIG. 4. Epiphysial axons extend ventrally even in the vicinity of
axons. (A) Dorsal view of the DVDT and PC axons labeled with anti
is up; Ep denotes the epiphysis; scale, 25 mm. (B) Lateral view of the
arrow) labeled with anti-FITC and marked by the brown peroxidase
C. Anterior is to the left and dorsal is up; scale, 25 mm. (C) Schema
epiphysial neurons when transplanted onto or near the PC. Neuron
those with dorsally extending axons are designated with open circle
donor neuron on the left side first extended dorsally and then turnregion of the early CNS is a source of chemoattractive
molecules at many sites along the anterior/posterior axis
f
m
Copyright © 2000 by Academic Press. All rightTessier-Lavigne et al., 1988; Shirasaki et al., 1995, 1996), it
s possible that mutations that lead to the deletion of cells
t the ventral midline may affect extension by epiphysial
xons from ectopic sites. To test this possibility, wild-type
piphysial neurons were transplanted to the tectum of
yclops embryos in which ventral midline structures
ithin the CNS are missing at all axial levels (Hatta et al.,
991). Wild-type epiphysial neurons from 20- to 22-hpf
onor embryos were transplanted to the tectum of cyclops
osts at 20–22 hpf and assayed for axonal outgrowth 4–6 h
ater. Of 12 successfully transplanted neurons 11 extended
entrally (Fig. 7). This result suggests that directional cues
posterior commissure (PC) that contains many dorsally extending
lin and visualized using an alkaline phosphatase reaction. Anterior
t PC (arrowheads) labeled blue as in A and a donor epiphysial axon
tion product. The donor axon is extending ventrally along the host
iagram summarizing the pathways taken by the axons of the donor
th ventrally extending axons are designated with filled circles and
e latter are the same neurons shown as open circles in Fig. 3B. The
nd extended ventrally.the
-tubu
hos
reac
tic d
s wior ventral extension need not be restricted to the ventral
idline of the CNS.
s of reproduction in any form reserved.
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370 Kanki and KuwadaDISCUSSION
The results of this study suggest that transplantation of
specific groups of neurons is an effective method for deter-
mining the distribution of directionality cues that can guide
their axons. While the molecular identities of such cues for
the epiphysial axons remain to be characterized, an under-
standing of their distribution should be useful when con-
sidering candidate molecules. Interestingly, the transplan-
TABLE 1
The Longitudinal Direction Epiphysial Axons Extended
Following Initial Ventral Extension When the Epiphysial
Neurons Were Transplanted to the Tectum at 20–22 hpf
and Assayed 18 h Later (n 5 55)
Direction of longitudinal
extension
Number of
axons
% of
axons
Anterior 22 40
Posterior 24 44
Anterior and posterior (bifurcated) 9 16
FIG. 5. Epiphysial neurons extend in both anterior and posterior
directions following initial ventral extension from ectopic sites.
Camera lucida drawings of epiphysial axons 18 h after the trans-
plantation of epiphysial (Ep) neurons into the tectum. (A) A
dorsolateral view showing a donor neuron that had extended an
axon first ventrally then anteriorly. (B) A dorsolateral view showing
two donor neurons that extended axons ventrally and then poste-
riorly. (C) A lateral view showing a donor neuron that extended an
axon ventrally then bifurcated to extend branches both anteriorlye
n
and posteriorly. Anterior is to the left, dorsal is up; epi, epiphysis;
m, dorsal midline. Scale for all three panels, 50 mm.
Copyright © 2000 by Academic Press. All rightation results suggest that the directional signals for ventral
xtension by epiphysial growth cones are not limited to the
egion of the DVDT in the diencephalon and in fact are
vailable in the tectum. This brings up the interesting
ossibility that these cues may be extensively distributed
long the rostrocaudal axis of the CNS. On the other hand,
he directional cues for anterior extension following ventral
xtension by epiphysial axons appear to be localized to the
egion of the DVDT in the ventral brain.
The pattern of ventral directionality cues for the epi-
hysial axons is consistent with molecules that are found at
any axial levels within the CNS and distributed as a
radient along the dorsal/ventral axis. One known source of
uch molecules are the floor plate cells that populate the
entral midline of the CNS. Interestingly the floor plate is
ot required for guiding epiphysial axons to the ventral
rain. Despite the lack of the floor plate cells in cyclops
FIG. 6. Epiphysial neurons which normally express islet-1 retain
expression of islet-1 following transplantation to ectopic sites. (A)
Lateral view of the embryo showing the TRITC–dextran-labeled
donor cells in the host tectum. Arrowheads mark donor cells that
expressed islet-1 mRNA that can be seen in B. (B) Same view as in
A showing that some of the donor cells express islet-1 as deter-
mined by in situ hybridization to an islet-1 riboprobe. These cells
are designated by arrowheads in A. Anterior is to the left and dorsal
is up; scale, 25 mm.mbryos including in the midbrain, wild-type epiphysial
eurons transplanted to the tectum of cyclops embryos
s of reproduction in any form reserved.
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371Directional Cues for Growth Conesextend axons ventrally (this study). Furthermore, in cyclops
embryos the endogenous epiphysial axons extend ventrally
(Patel et al., 1994; Halloran et al., 1999). Similarly, the floor
plate is not required for spinal commissural axons to extend
to the ventral midline both in zebrafish (Bernhardt et al.,
1992) and mice (Matise et al., 1999). Thus floor plate/
ventral midline derived signals are not required for ventral
extension by a variety of growth cones.
Netrins are an attractive candidate directionality cue for
the epiphysial axons for several reasons (Serafini et al.,
1994, 1996; Kennedy et al., 1994; Shirasaki et al., 1996; de
la Torre et al., 1997). First, they are secreted molecules that
can attract a variety of axons at many levels along the
anterior/posterior axis of the CNS. Second, they are re-
quired for proper ventral extension by spinal commissural
neurons. Third, they are expressed at all axial levels of the
CNS where they are distributed as a gradient with highest
concentrations at the ventral midline in mammalian em-
bryos. In zebrafish embryos netrins are similarly expressed
at all levels of the CNS with the highest concentrations in
the ventral CNS (Lauderdale et al., 1997; Strahle et al.,
1997). Thus the activity and distribution of netrins are
consistent with their involvement in ventral guidance of
epiphysial axons.
Since the floor plate is one of the main sources of netrins,
the finding that epiphysial growth cones can extend ven-
trally despite the missing floor plate could be construed as
evidence that netrins are not important for this process.
However, in cyclops embryos although netrins are greatly
diminished in the forebrain and midbrain, there is some
residual expression (Lauderdale et al., 1998; Strahle et al.,
1997). Thus, it is possible that the remaining netrin may be
sufficient to guide the epiphysial axons in cyclops brains.
Therefore, the role of netrins for guiding epiphysial axons is
at present unclear. The finding that epiphysial axons extend
ventrally in cyclops embryos, however, makes clear that
FIG. 7. Wild-type epiphysial neurons extend ventrally in the
tectum of cyclops embryos. Camera lucida drawing of a lateral
view showing two wild-type donor neurons that have extended
axons ventrally in the tectum of a cyclops host. Epiphysis, Ep;
dorsal midline, m; scale, 25 mm.the floor plate and ventral midline tissue in the forebrain
are not required for ventral extension.
Copyright © 2000 by Academic Press. All rightUnlike the cues for ventral extension, the cues for ante-
ior extension by the epiphysial growth cones appear to be
estricted to the region of the diencephalon containing the
VDT. One mechanism that could account for this would
e the expression of a repulsive cue just posterior to the site
f the longitudinal turn. In fact, in zebrafish SEMA3D is
xpressed by a domain in the caudoventral diencephalon
hat is just posterior to the site where the epiphysial growth
ones normally turn anteriorly (Halloran et al., 1999).
nterestingly, white tail mutant embryos are missing this
omain of SEMA3D expression and epiphysial axons often
xtend posteriorly rather than anteriorly in the ventral
iencephalon. It is tempting to think that epiphysial growth
ones normally turn anterior because they are repulsed by
he SEMA3D secreted by this domain. We found that when
piphysial axons transplanted to the tectum were allowed
o develop longer, they turned and extended randomly along
he rostrocaudal axis within the tegmentum following
nitial ventral extension. It would be interesting to see in
uture experiments whether the anteriorly extending axons
ould be repulsed when they encountered the caudoventral
iencephalon SEMA3D domain as predicted by our hypoth-
sis.
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